Abstract-When
INTRODUCTION
With the continuous expansion of the scale of power system, the length of transmission line is increasing. When a fault happens in transmission line, a fast and accurate fault location technique is very important to ensure the stable operation of power system. The traveling-wavebased fault location method is considered to get more accurate location and need less time than other fault location methods. Double-ended traveling-wave-based method only needs to detect both ends of the initial traveling wave and has reliable location results, so it is often used for fault location in transmission line [1] . Nevertheless, the accuracy of fault location is still not high because of the impact of the accuracy of detecting poor wave-head, the uncertainty of wave velocity and other factors caused by traveling wave attenuation and distortion. With the rapid development of smart grid and the user requirements to improve the reliability of power system, an accurate traveling-wave-based fault location method has an important significance.
Transient traveling wave produced by the fault of transmission line is a mutant, singularity signal. Compared with other fault location methods, the traveling-wavebased fault location method has higher accuracy. But the transient traveling wave is difficult to be detected because of its short duration and serious attenuation. Wavelet transform is usually to extract the arrival time of traveling wave for fault location [2] . However, the results of Wavelet Transformation (WT) are affected by wavelet basis, sampling rate, decomposition scale and other factors. In theory, wavelet transform has an infinite number of basis functions. If you can not analyze it's the features and characteristics of traveling wave to select the appropriate wavelet basis, it is difficult to obtain satisfactory results [3] . Moreover, wavelet transform is of adjustable window Fourier transformation. Once the scale of wavelet decomposition is decided, the decomposition result is obtained for the signal of a fixed frequency band. The frequency band is only related to the sampling frequency of the signal, and has nothing to do with the signal itself. From this point of view, the wavelet transform has some limitation [4] .
Hilbert-Huang Transform (HHT) [5] [6] is an adaptive signal decomposition algorithm, and it overcomes the shortcomings of Wavelet Transform which needs select the basic function and decomposition scale. Compared to WT, HHT has a better positioning capability [9] .The classical HHT needs to do Empirical Mode Decomposition (EMD) first, and then do Hilbert Transform. However, EMD maybe cause modal mixing phenomenon, so IMF components may not be a single component signal; and [10] [11] [12] , it can not be completely eliminated; it can only be reduced to a certain extent.
When traveling wave arrives, large fluctuations in the frequency and amplitude of the signal happen. Teager Energy Operator (TEO) [13] [14] [15] can effectively reflect the signal change of amplitude and frequency. The energy value of TEO can effectively detect the singular position of the analyzed signal. Therefore, we can detect TEO's energy value of traveling wave to determine the arrival time of traveling wave.
Based on the above analysis, a combination of Local Mean Decomposition and Teager Energy Operator(Referred as LMD-TEO)is proposed to determine the arrival time of traveling wave to improve fault location accuracy.
In this paper, LMD-TEO is introduced firstly; secondly, LMD-TEO applied to traveling-wave-based fault location is described; thirdly simulation is tested under different cases such as different fault initial angle, different length line, different fault resistance etc. Experimental test shows that the method proposed in this paper obtains the more accurate than Wavelet Transform, classical HHT, and LMD method. Lastly, the conclusion is given.
II. ALGORITHM OVERVIEW

A.
Local Mean Decomponent Local Mean Decomposition (LMD) is a new adaptive time-frequency analysis method which is proposed by Jonathan S.Smith. It can decompose a complex nonstationary signal into the sum of several F P components. Those F P of LMD can save more frequencies and envelope information than IMF of EMD and LMD method also has fewer iterations, faster computing speed, and thus its end effect is obvious. Energy of Timefrequency analysis based on LMD is more focused than it is in Hilbert spectrum [12] .The phenomenon of negative frequency in Hilbert transform which can not be explained is also avoid. For any given signal x (t), the process of LMD method is as follows: The fault occurs at 0.0164s and a corresponding fault traveling wave happens. Theα-mode voltage of traveling wave is shown in Fig.1 , and PF1 of its LMD decomposition is shown in Fig.2 .
TEO is used to calculate the instantaneous energy spectrum of 1 F P , which is shown in Fig.3 . As can be seen from Fig.3 , the first sudden energy point of F P instantaneous energy corresponds to the arrival time of the initial fault traveling wave [16] [17] [18] . Compared to the transient spectrum of 1 F P , the arrival time of the initial traveling wave is more obvious in instantaneous energy spectrum. So the corresponding time of TEO's maximum value can be used as the arrival time of the initial traveling wave.
IV. SIMULATION AND ANALYSIS
A.
Simulation Model Electromagnetic Transient Program PSCAD/EMTDC is used to simulate electromagnetic transient fault. Test points are placed at both ends of transmission line, the sampling frequency is set to 1MHz(The sampling period is 1×10-6s). Short-circuit fault happens at 20 km、 60 km、110 km、140km from test point A. In each case, the transition resistance is 20Ω, 50Ω, 100Ω, and 300Ω, respectively. The initial angle is set to 90°,60°,45°,30°, respectively. Short-circuit fault happens at 0.164s.
Karrenbauer transformation is used to decouple the voltage traveling wave. Then the voltage traveling wave ofα-model is used for LMD decomposition, and TEO is used to calculate the instantaneous energy spectrum of 1 F P component. The corresponding time of TEO's maximum value is the arrival time of the initial traveling wave. In order to avoid the impact of velocity, the velocity needs to be calculated online. In this paper, the velocity online is v≈2.993 540 3×108m/s.
B. Analysis of fault location
In this chapter, a simulation model of single phaseground fault in transmission lines is built by using the PSCAD / EMTDC and then simulation data is obtained in Matlab software. The double-ended traveling-wave-based method is used for fault location. Simulation results show the feasibility of the fault location method based on LMD-TEO.
1) Simulation results under different fault type
Due to space limitations, only four classical fault types are adopted for testing the method proposed in the paper. The fault happens at 60km away from testing point A when the transition resistance is 100Ω. Simulation results are shown in Table 2 . 
2) Simulation results under different initial angles
When a fault happens, the initial angle directly affects the amplitude of the transient voltage of traveling wave [18] .To study the effects of different initial angle, the initial angle is set to 90°,60 °,45°, 30°and a singleto-ground fault happens at 60km away from testing point A. The simulation results are shown in Table 4 . 
3) Simulation results under different transimition resistances
When a fault happens, transition resistance has a direct influence on the amplitude of traveling wave. To test the method proposed in this paper, the transition resistance is set to 20Ω, 50Ω, 100Ω, and 300Ω when a single-toground fault happens at 60km away from testing point A. Simulation results are shown in Table 5 . 
4) Simulation results under different location algorithms
In order to test the method proposed in this paper, t wavelet (db3), HHT and LMD are used for fault location under different conditions. The simulation results are shown in Table 6 . From the Table 6 , it is shown that LMD-TEO method can obtain more accuracy than wavelet, HHT and LMD when they are used for fault location.
V. CONCLUSION When Local Mean Decomposition (LMD) is used to detect the arrival time of traveling wave, the instantaneous frequency of the component PF may lead to wrong results for determining the arrival time of traveling wave. In this paper, a novel algorithm is proposed to detect the arrival time of traveling wave, and it is based on Local mean decomposition (LMD) and Teager Energy Operator (TEO). The wave velocity can be measured by calculating the transfer time of traveling wave on the healthy line. The fault distance is calculated according to the principle of the double-ended traveling-wave-based fault location. Under different fault conditions, simulation tests show that the novel LMD-TEO method has more accuracy than Wavelet Transform and Hilbert-Huang Transform in detecting the arrival time of traveling wave.
